Thermal conditions are an important environmental factor in maintaining healthy pigs because they affect feed intake, growth efficiency, reproduction and immune responses in pigs. RAVI, a regenerative far-infrared heating system, can effect pig production by emitting an optimal far-infrared wavelength. Far-infrared radiation has been reported to increase microvascular dilation and vascular flow volume. The purpose of this study was to evaluate the immunobiological differences between pigs raised with the RAVI system and the gasoline heater system. Twenty-six-week-old weaned pigs were raised in two rooms that were equipped with a RAVI system or a gasoline heater for 8 weeks. A porcine atrophic rhinitis vaccine was administered after two weeks and transcriptome analysis in whole blood were analyzed at 2-week intervals. Signaling pathway analyses of the RAVI group at 8 weeks showed the activation of pathways related to nitric oxide (NO) production. This suggests that the application of RAVI might induce the production of NO and iNOS, which are important for increasing the immune activity. Similar to the result of microarray, phenotypic changes were also observed at a later period of the experiment. The increase in body weight in the RAVI group was significantly higher than the gasoline heater group at 8 weeks. The antibody titer against the vaccine in the RAVI group was also higher than that the gasoline heater group at 4 weeks and 8 weeks. This evaluation of the use of a far-infrared heating system with pigs will be helpful for applications in the pig farm industry and pig welfare.
INTRODUCTION
In a pig-raising environment, thermal conditions are one of the key factors that produce optimal conditions for pig production. Temperature fluctuations can cause stress in pigs that can lead to decreases in feeding, growth efficiency, reproduction, and immunity [1] [2] [3] [4] . In particular, cold stress has been reported to increase mortality due to infectious disease in piglets [5, 6] . The thermal environment is controlled by the interaction of air temperature, moisture, and airflow. A regenerative far-infrared heating system (RAVI) emits at an optimal far-infrared wavelength to aid in controlling pig-raising environment. RAVI uses a combination of nonmetallic heating element technology and nanocoated heat absorbing and radiating panel technology.
Far-infrared radiation (FIR) is nonionizing electromagnetic radiation with a wavelengths of 4-16 µm [7] . It is a source of high performance far-infrared rays that mainly exhibit thermal effects. FIR increases microvascular dilation and vascular flow volume and causes a slight elevation in the regional tissue temperature, reducing the sizes of water clusters by weakening the hydrogen bonds in water molecules [8] [9] [10] [11] [12] [13] . Several studies have shown that far-infrared ray treatment promotes microcirculation and accelerates wound healing by increasing fibroblast proliferation, enhancing immunity by activating leukocytes and phagocytic processes, promoting sleep, and playing a prominent role in ameliorating aging processes [7, 9, [14] [15] [16] . For these reasons, FIR has been used as an alternative remedy in Japan, China, Taiwan, and Korea [15] .
FIR modulates the innate immune defense system by stimulating nitric oxide (NO) production [15, 17] . Recent studies have also reported that FIR enhances immunostimulatory activities, such as bactericidal and tumoricidal activities, by stimulating inducible nitric oxide synthetase (iNOS) [15, 18] . iNOS enhances immune defense mechanisms, such as the phagocytic process, by producing large amount of NO [19] . NO is necessary for immunological responses to sources of infection, such as viruses, bacteria, fungi, protozoa, helminths, and tumor cells [9, 20, 21] . Although studies of iNOS expression in pigs have produced many contradictory results, several studies have detected iNOS production in many pig tissues [22] [23] [24] [25] .
Despite the many studies that have investigated the effects of FIR systems on mammals, the biological effects of FIR are not well understood. In this study, we investigated the biological effects of RAVI in pigs by evaluating body weight and, vaccination efficacy and performing transcriptomic analysis. Our results indicated that RAVI can increase body weight, enhance the efficacy of vaccines and regulate the immune response through NO production by iNOS in pigs. This study will be helpful in understanding the effects of a far-infrared radiant heating system in the context of the pig industry and welfare.
MATERIALS AND METHODS

Bioceramic material
RAVI is a far-infrared radiant heating system that combines nonmetallic heating element technology and the nanocoated heat absorbing and radiating panel technology (Ecopartners, Inc., Korea). It produces optimal far-infrared wavelength anions that barely affect moisture levels, ensuring fresh air even during lengthy use. It also minimizes the emission of fine dust, harmful substances, gases, and electromagnetic waves, ensuring fresh heated air through its antibacterial and deodorizing functions. The regenerative micro photogenic panel is a product that uses technology with high heat efficiency and the temperature of the surface area of a regenerative micro photogenic panel is approximately 350°C to 400°C, which is a higher surface temperature than that obtained in the same conditions in which luminous material is exposed.
Ethics statement
This experiment was carried out, in compliance with the Farm Animal Clinical Training and Research Center at Seoul National University. All procedures used for animal care and experiments were approved by the Seoul National University Institutional Animal Care and Use Committee (IACUC, Protocol #: SNU-160707-6).
Experimental design
Twenty of 6-week-old pigs were purchased from a commercial swine farm. The pigs were randomly divided without bias in terms of weight. Five pigs each were separated into one of four groups: the vaccinated RAVI group, the nonvaccinated RAVI group, the vaccinated gasoline group, and the nonvaccinated gasoline group. The pigs were raised in the presence of either a regenerative far-infrared heating system (RAVI) or a gasoline heater system (control). The animals were immunized twice at 2 weeks and 4 weeks with porcine atrophic rhinitis vaccine (TRICOM-Vac; Green Cross Veterinary Products Co., Korea) at a 1.5 mL dose via intramuscular injection. Whole blood was collected from the jugular vein in the pigs at 2-week intervals for 8 weeks. The body weight was measured 0, 2, 5 and 8 weeks.
RNA preparation, labeling and purification
Total RNA was isolated from the whole blood of experimental pigs using a PAXgene Blood RNA Kit (Qiagen, Germany) according to the manufacturer's protocol. Total RNA were processed with DNase digestion and clean-up procedures were performed. RNA purity and integrity were measured by the OD 260/280 ratio of ND-1000 spectrophotometer (NanoDrop, USA) for quality control. RNA were analyzed using the Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent Technology, V6.5 2010; Agilent Technologies, Inc., USA). 100 ng of total RNA was amplified and labeled with Cy3-dCTP. The cRNAs (pmol Cy3/µg cRNA) were purified by an RNeasy Mini Kit (Qiagen) and evaluated by a NanoDrop ND-1000 for identifying the concentration and specific activity.
Hybridization and scan
A total of 1,650 ng of each labeled cRNA was fragmented by adding 11 µL 10 × blocking agent and 2.2 µL of 25 × fragmentation buffer. The cRNA was heated at 60°C for 30 min and diluted with 55 µL 2 × GE hybridization buffer. One hundred microliters of hybridization solution was dispensed onto the gasket slide with a Agilent SurePrint HD Porcine GE 4X44K Microarray (Agilent). The slides were incubated for 17 h at 65°C in an Agilent hybridization oven. Then, the cells were washed at room temperature according to the Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent Technology, V6.5, 2010; Agilent Technologies, Inc.). The hybridized array was immediately scanned with an Agilent Microarray Scanner D (Agilent Technologies, Inc.).
Raw data preparation and statistical analysis
The microarray results were extracted using Agilent Feature Extraction software v11.0 (Agilent Technologies, Inc.). Array probes that had Flag A in the samples were filtered out. Selected gProcessedSignal values were transformed logarithmically and normalized by the quantile method. The significant data was determined by the LPE test and fold-change analysis for which the null hypothesis stated that no differences existed among the groups. The false discovery rate (FDR) was analyzed using the p value of the Benjamini-Hochberg algorithm. Hierarchical cluster analysis was performed by complete linkage and Euclidean distance as the measured of similarity for each DEG set. DEGs were analyzed using Gene enrichment and functional annotation based on the Gene Ontology database (www.geneontology.org/). All The immunolobiological effects of RAVI data analysis and visualization of the differentially expressed genes were performed using R 3.1.2 (www.r-project.org).
Biological system analysis
Ingenuity Pathway Analysis (IPA; Ingenuity System Inc., USA) was performed for identifying the canonical pathways or functional processes in the DEGs. Significant DEGs were selected based on p value < 0.05 and fold change ≤ 1.5 for uploading the IPA program. The canonical pathway analysis was performed using a right-tailed Fisher's exact test. The significant pathway was determined by the ratio of the genes were mapped to the pathway and the p value measured by Fisher's exact test for calculating the probability of the association between the DEGs and the pathway.
Measurement of antibody titers
The values of the serum anti-Bordetella bronchiseptica antibody titers were determined by a microplate agglutination test (MAT) using the standard procedure with minor modifications. The serum samples were inactivated in 0.3% formalin and then two-fold serially diluted in PBS from 1:2 to 1:2,048. A total of 50 μL of each serum dilution was added to the wells of a U-shaped microplate followed by the addition of antigens. The plate was incubated at RT overnight. Positive and negative sera were included as controls. The titers were expressed as the reciprocal of the highest dilution that showed agglutination.
Expression analysis of selected genes by real-time PCR
Five genes were selected to validate the microarray results based on showing differential expression by quantitative real-time PCR (qRT-PCR) ( Supplementary Table 1 ). qRT-PCR reactions were performed with 1 µL of cDNA using a Rotor-Gene SYBR Green PCR kit (Qiagen) and Rotor-Gene Q real-time PCR cycler (Qiagen). Amplification was performed for 35 cycles for 15 sec, at 95°C followed by 45 sec at 60°C, and the fluorescence was detected during the extension phase. The expression level was determined by the 2-△△Ct method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference gene. The relative expression level was compared to that in control pigs to determine the fold change in expression for each gene.
Statistical analysis
The statistical significance of the differences was analyzed by Student's t-test or repeated measures ANOVA using GraphPad Prism version 7.00 for Windows (GraphPad Software, USA, www.graphpad.com). Genes were considered differentially regulated when p < 0.05. When the differences were determined to be significant, the fold-change with respect to the control condition was represented as follows: fold-change = mean ratio of gene expression in the RAVI group/mean ratio of gene expression in the gasoline group.
Data availability
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RESULTS
Differentially expressed genes in pigs raised in the presence of RAVI and the gasoline heating system cDNA microarrays were used to determine the transcriptome profiles for the analysis of signaling pathways involved in the immune regulation and metabolic process in the pigs raised with the RAVI system compared to those raised with the gasoline heating system. A total of 43,603 probes were present on the cDNA microarray. After normalization, 16,966 transcripts were identified in the RAVI and gasoline groups. According to a cut-off of 1.5 for fold-change and a p value < 0.05, we identified 7,547 transcripts as significantly expressed. Hierarchical clustering showed that the 8W group was separated from 2W and 4W groups. The 8W RAVI group was found to have significantly differentially expressed genes when compared with the 8W gasoline heating group, whereas the 2W and 4W groups did not show significant differences in expression when compared with the gasoline heating group (Fig. 1A) . Among the 7,547 transcripts identified, 238, 55 and 410 transcripts were significantly differentially expressed in the 2W, 4W and 8W RAVI groups. In scatter plot analyses of the DEGs, the 8W RAVI group showed the highest expression levels (Fig. 1B) . The functional annotation of the 8W DEGs were analyzed in a gene set enrichment analysis of GO terms. Biological PANTHER annotation revealed that cellular and metabolic processes showed the highest enrichment in DEGs in the 8W group (Supplementary Fig. 1 ). The raw files and normalized datasets are available at the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE131821) under the accession number GSE131821.
Signaling pathway analysis of the 8W DEGs showed an association with NO production
Of the 16,966 DEGs, 8,176 genes were mapped to the Ingenuity Knowledge Base and were included according to the dataset filter (p value < 0.05). These DEGs were used in a core analysis carried out by using Ingenuity ® Pathways Analysis (IPA, Ingenuity Systems, www.ingenuity.com). Canonical pathways were identified that were associated with the differentially expressed genes of the 8W RAVI group. Sixty-seven different canonical pathways in the 8W group were identified with significant differences [(−log(p value) ≥ 1.3] ( Table 1) . Among the significant signaling pathways in the 8W RAVI group, pathways related to NO production were predicted to be activated. "iNOS Signaling," "MIF Regulation of Innate Immunity" and "Production of Nitric Oxide and Reactive Oxygen Species in Macrophages" were (z-score=1.342, 2 and 1,342). In these three pathways, iNOS was significantly activated and NO was predicted to be activated. CD14, FOS, LY96. and NOS2 were significantly activated in "MIF Regulation of Innate Immunity," and CLU, FOS, NCF2, NOS2. and S100A8 were significantly activated in "Production of Nitric Oxide and Reactive Oxygen Species in Macrophages." In the "iNOS Signaling" pathway, CD14, FOS, LY96, NOS2, and TRAF6 were significantly activated and TLR4, NF-κB, STAT1, IRF1, and NO were predicted to be activated by the molecule activity predictor (MAP) (Fig. 2) .
Evaluation of antibody production and body weight
All vaccinated groups showed a significant increase in the antibody titers against B. bronchiseptica 4 weeks post-immunization. The RAVI groups showed higher agglutination titers than the gasoline groups, although they were not increased significantly (Fig. 3) . The body weight of pigs in the RAVI group was not significantly increased compared with gasoline group, however, the weight gain of pigs in the RAVI group showed a significant increase at 8 weeks (p value < 0.05) ( Fig. 4) . The immunolobiological effects of RAVI
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Row z-score The immunolobiological effects of RAVI Fig. 2 . Ingenuity pathway analyses of iNOS signaling in the 8W group. Red indicates upregulation, green indicates downregulation, orange indicates predicted activation, blue indicates predicted inhibition, and an uncolored node indicates that the genes were not differentially expressed in this pathway. The Ingenuity pathway analyses were generated through the use of IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis). LPS, lipopolysaccharide; TLR4, toll-like receptor 4; iNOS, nitric oxide synthase; NF-ĸB, nuclear factor kappa B; CBP, CREB-binding protein; IRF-1, interferon regulatory factor 1; AP-1, activator protein 1; STAT1, Signal transducer and activator of transcription 1; Iĸ-B, inhibitor of kappa B; TRAF6, tumor necrosis factor receptor-associated factor 6; CD14, cluster of differentiation 14; LY96, lymphocyte antigen 96; IRAK, interleukin-1 receptor-associated kinase; MYD88, myeloid differentiation primary response 88; TAB1, transforming growth factor-beta-activated kinase 1-binding protein 1; p38MAPK, mitogen activated protein kinase p38; IFNγ, interferon gamma; JAK, Janus kinase; CALM, clathrin assembly lymphoid myeloid leukemia; NO, nitric oxide. 0238 -IL, interleukin; LXR, liver X receptor; RXR, retinoid X receptor; iNOS, inducible nitric oxide synthetase; MIF, macrophage migration inhibitory factor; ILK, integrinlinked kinase; TGF-β, transforming growth factor beta ; cAMP, cyclic adenosine monophosphate; LPS, lipopolysaccharides; BTG family proteins; NF-κB, nuclear factor kappa light chain enhancer of activated B cells ; CCR5, C-C chemokine receptor type 5; PPAR, peroxisome proliferator-activated receptor; CXCR4, C-X-C chemokine receptor type 4; THOP1, thimet oligopeptidase 1. 
Validation of microarray results by qRT-PCR
RNA samples were assayed by quantitative real-time RT-PCR (qRT-PCR) to validate the microarray results. In the microarray results, the RAVI group showed significant changes in gene expression compared to the gasoline heater group. The upregulated genes CD14, CD163, CCR5, PTH1R, S1PR5, and SEMA6D and the downregulated gene GPX3 were selected to be assayed by qRT-PCR using the same RNA samples as those used for the microarray analysis. The correlation coefficient between the two analyses was 0.949. The differential expression of all selected genes was validated as the qRT-PCR results showed the same trends with respect to upregulation or downregulation ( Fig. 5) .
DISCUSSION
In the pig farming industry, control of the environment during weaning, commingling, crowding, and conditions of heat and cold is an important factor in pig production [1] . In particular, temperature fluctuations induce stress that causes weight loss and changes in growth efficiency and immune responses in pigs [2] [3] [4] . Cold stress has been reported as a main cause of morbidity and mortality in piglets [5, 6] . In this study, RAVI, a far-infrared radiant heating system, was used to control the pig farm environment. After vaccination, pigs were raised for 8 weeks in the presence of the RAVI system or a gasoline heater system, which is what is usually used. In this period, body weight and immunostimulatory effects were evaluated and transcriptome analysis was performed to compare the effects of the RAVI system with those of the gasoline system.
In the transcriptome analysis, the DEGs in the 8W RAVI group were significantly differentially expressed only in comparison with those in the 2W and 4W RAVI groups. A gene set enrichment analysis of GO terms in the 8W RAVI group indicated that DEGs were highly enriched in cellular and metabolic processes according to the biological PANTHER annotation. The canonical pathway analysis also showed that the signaling pathways identified in the 8W RAVI group were related to the innate immune response. In particular, among these pathways, signaling pathways related to NO production in an iNOS-dependent manner such as "iNOS Signaling," "MIR Regulation of Innate Immunity," and "Production of Nitric Oxide and Reactive Oxygen Species in Macrophages," were predicted to be activated. These three pathways commonly indicated that iNOS was likely activated and NO was predicted to be activated. In the iNOS signaling pathway of the 8W RAVI group, CD14, LY96, AP-1, and iNOS were significantly activated and TLR4, NF-κB, STAT1, IRF1 and NO were predicted to be activated. NO modulates the innate immune system by inhibiting pathogen replication [26] . A variety of extracellular stimuli can lead to expression of iNOS. For example, LPS from bacteria binds to LPS-binding protein. The binding of LPS activates transcription factors such as NF-κB and AP-1, which mediate the expression of iNOS in immune and inflammatory responses [27] [28] [29] . TLR4 interacts with the CD14-LPS complex, and then TLR4 and CD14 modulate iNOS activity in the pro-inflammatory response via the activation of the NF-κB pathway [30] . Interferon gamma (IFN-γ) also induces iNOS via the Jak-STAT signaling pathway. Activation of the Jak-STAT signaling pathway induces iNOS and NO production [31] . IFN-γ binds to IFN-γ R and phosphorylates STAT1, and then activated STAT1 increases iNOS induction and NO production. These pathways are important mechanisms underlying inflammatory processes and inflammatory disease [28] .
Several studies have reported that FIR increases NO production by stimulating iNOS to enhance immunostimulatory activities [15] [16] [17] [18] . Our study also showed an increase in NO production by iNOS stimulation in the 8W RAVI group after vaccination. However, the regulation of NO synthesis by iNOS can in different strains and species of animals and depends on the inducers that are activated. Bovine and murine macrophages generate considerable amounts of iNOS in response to cytokine stimulation, but human and pig macrophages are resistant [32] . Although studies of iNOS expression in pigs have shown contradictory results, many studies have detected iNOS and NO production in diverse pig tissues. Therefore, further studies are needed to clarify the production of NO and iNOS in pigs exposed to far-infrared rays.
FIR has been reported to increase microvascular dilation and tissue temperature by weakening the hydrogen bonds of water molecules by emitting at a wavelengths of 4-16 μm as well as increasing NO production [7] [8] [9] [10] [11] [12] [13] . FIR also accelerates wound healing by increasing fibroblast proliferation, enhancing immunity by activating leukocytes and phagocytic processes, promoting sleep, and ameliorating the aging process [7, 9, 15, 16] . Our results indicated that the body weight gain was significantly increased in pigs raised with a farinfrared radiant heating system. The microplate agglutination test also showed higher agglutination titers in the RAVI group compared with the gasoline group. Thus, these results indicated that a far-infrared radiant heating system might play a prominent role in increasing body weight and enhancing immunostimulating effects.
Although the effects of FIR have been investigated in many studies, the biological effects of a farinfrared radiant system have not been clearly identified. In this study, we evaluated the biological and immunostimulatory effects in pigs raised with a far-infrared radiant system. Our results indicated that body weight and vaccine efficacy were increased in the RAVI group, which raised the possibility of increasing NO production by exposing pigs to a far-infrared radiant heating system. This study will be helpful to enhance the welfare of pigs and the pig farming industry.
